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In-Situ Detection of Contaminant Plumes
in Ground Water

W. RUDOLF SEMT

RITRODUMION tial for using fiber optics for in-situ measurements in
ground water wa; recognized several years ago

The cone peresraxneter prokides a cost-effective (Hirschfeld et al. 19113. Hirscthfeld et dl. 1994). More
method for characterizing subsurface sol stratification tecei progress indeveloping syssems for in-situ analy-
anid determininng penreability. The greater the permea- &is is saanmarized inn seat review aruicls (Angel 1987.
bility. the greater the ability for ground water and coei- Seitz 198S1. Woitbeis 19441). The rationale for using
taminants to migrate. In addition a penetrometer fiber optics for in-sawu environmental analysis has re-
equipped with additioinal instmrentation could attempt ccemly been conasidered by Eccles and Eastwood (1 989).
so verify the presence of contaniiramn &An determine It is assiamed in this repri that a large volume of sample
the gradient and boundiay of a plume. The ability to is availtable such that detection limits ame established by
define the boundi~y of a plurme depends ont the levels the ability tomreasure low concentratom-s rather than the
that can be detected by the instrumentation 3fld the ability to dewec abroluse amounts.
accuracy of sampling and cA th~e method itself Since the
ouwer limit or boundary of a pl-sme as esiablished by the
regulatory commnitwmy represents the legal limit of the FIBER OrtICS AND SPICTOSCOPY
plume. any insrurntent thtu can verif the presence of
contaminants can assist .n plumne ctauacterazation. Traditionally.,nom spetroscopic methods of arialy-

This report reviews the .ian'ent scatm of in-situ %is have been labcmrraoy oriensed. The sample has beeni
sensing technologies that can potentially he used an broveit back io the laboratoy sid pftsented to the
conjunction with the cone penetrometer to desect the Vv trometer in a controlled mannier. Often the sample
fotluwing types of plumei in j'rnond water. at i'ea e.g.. with pH diastmeritor addition of color-

1. PerIleum WueS (811p"StC and aOMaSIc hydrocar- forming retacums. io convert it to a fotr that is mr
bonis). readly mneasured spetroscopicty.

2. Chlorinated hydrocarbnm~. Recently. developmnents, in fiber optic technology
3. Nitrated mvganics. pramanly es pkooives. haive timulatedinirwerein appying specivocopy insjtu
4. Heavy metal ions (mainly from electrrolating using o~itical fibers t conduct light between the sample

wVaste,), and the %pectrrneser. In many contexts the spectrmen-
The cone penetrometer can he mimt effectively used ter cans remain in the tlabratory anil he coupled to

in combinatio with real-time cont inuous measuo tment rminte sarnpl-ng useas without seriow~ losses in light
to ge a profile of contamninant conontration vs depth. mitensity. In the cane of SPcMscop* measuremnis
Howevei. the %its charavcommis~o and analysis pen- coupled to the con pewatrimmewe, it is envisiovwd that
etromerer sys~en (SCAPS) can also he used in an the spectriomewe wi.uld be permanently installed in a
attacthed sarnpling moniormd and an unattached Mobile laboratory.
smwpllng/monitortivngmie Plastic-clad silksa is the prefevid optical Atbe for

2inpiasis in thii. report will he on in-situ spectro. mneasurements in fth visible and ultraviolet regions of
tcopw measurements thniugh fiber optic. The Moen- dtaeelectronagnewsc %pectrsm (Skutraketoal, 19119 ).I iis



available wiith nwnersncal apertures as- high as 0.4Sf and I lor olecio
transm-its, in the ultrav iolet down to 2Z1D fun. Al,tenuanionFie
by the fiber increases As wavclength decreases. comrpli-
catirng remote mneasuremnents in the u~travKioit below Sse
YX) nmn. Plastic-clad ':ilica fibers are cormnnisn, avail-
Able A iih core diarneter of 0.20.0 ti) and 1.0 mm. The
larcer iiamneter fitxrs allow for -,rewly enhani.ed lizhi
trawain~ ion but ame -.agn ificantl I mrore expen ~;s . Hvbes

,ih() rO-mrnm Lore dijamter-s pro, ide a zo~t-K :ouprii- sc~iemalic of systelm .ýsVo Sepwato hCoem to
mi'.e hetwesen cii4 and throughput. anid nvac been used c-Onata ligii to &,4 tom~ me, iiialmis Thsx two

tfoi eremute laser-t.)du-ced fluorescence nesrr emrc~ nt s of o( we at0 an -- I; rNWWt 'a 41CII ("? to
maxIlims" ay6(lagi bell,080 tl ZOMlS Piiim-041Wt

Aronmatc hvldrocartorls in *water (Chuad) ke a). 1 95). by TheS *Kcd~~ hta and 1tri zorisi ~clcid tiy
Glass fibers developed for communicitions Appica-Macleionfr
tion have extraordinarfly high trart~rmi~sklon in the near-
intrared regioýn of t~t spectrum 'out have low ulumerwal Collection

Apen ure% and do not transmit below I'M rim. 0, beiP7
There is con- iderablec current interest in devek~ping O ... Exicitation

fibers that coniduct lighi Atl longerw avelcogthrs. extend- O.O Flow

ing t .urher into the infrared legion of the spectrum0
iDrexhaice 3nd .ideyniha,, 1"9% However. whikt dc- SiUK4*C at UWr t WV~r in d ~ SAMOMi is

velopirnent% in this area mnay enhance the ca tditic, of *'WOOMM~g by a q~ LaNg ex*citation few
ssavgWXWd by seriler Come~tlO tubuei

infrared ipcctros...opy. thi. technique is not 'vensmli-e

enough to detect conamtanrurw plUmesc in iriournd w aic. F~ture 2. Separate fibers asird to conduct sight to aissod
A %ingle fiber can he used to transpol light both i4n rmth ipe

Andi fromn the samnple. Olpical arra Jroff 1 Ifor sample
nmcing ihis are shown in Figure 1. tlowe~cr. *hilt this

aryaneemnerst consenes fiher and provides- a weil-dic-
fin-0 reprvin-ix ihi geoirlictrs. it ii. %uhtect to hizh lesrel.. For in-situ groxunid-water mcnintorir~g. it I, pr)1habiy

ofrNlight an iniz fromt retkectio(-n i.: interfaces whicre wiser to list iepate fiber% to condwit light to And fiom"
hc c .aLharge in efractie indJex. Rxwsevcrcca he %pctrorricterl shown in Figure 2. An expenimen-

hie rv~'ed fmmn sra% ligmn using a rrimwxxhrnr.Maor or tal corinwansoc of maicgl v, dual fiber uirrangemnent% has
fillet fcc aule it (Xcurs, At Is-ni- er w avekengthsi than thei show ni that fluore'uaence tntens~tws lix-nersed for a r ingie
%tra. Iwhi Ww'e-,sr. ithe 4uality of the requiredo.ptiss fiber mneasuremfent alre nini migtiat,,w2tly greater than
I iizher Ywhen flowei.terKir has to he mcasureri in fitt thosec 4%cervcl using a dual fiber arrangemrent tL4ouch
jins -Cnike of high levels, of stray lfcftt anJ Ingle MRg~). As shovn in Figure 2. collft-tion

efficicnit-st atm miaximited during emnission spectrnus-
coriy by holding the. two fibers at An Angle relative to
eak.h other suxch that there is mnaltimurr o~verlap Ievioe~n

______the cone ot'adisiotoreucited b,, the fiber fromn the miouxe[53. .nrili the cooe of W~iauisrn accenited bv the fiber leadinit
to the slete-cton systern (Plaza ef al. I 9"Als), litensity cat,

he fajriher enbanred by %urroundinf, the excitation fiber
~'o'~ ith evct at return fihers. as shoiwn in Figurt' 2 tSk hwah

Irx aNdl NkCt' ji9g. Paila et alNO1

LIBecaur . cmtwc with the sAnpill is rut required.

diprect %ge-irtiwoplt:tccI'oon of ground-water con-
Same" ~tarrinaneitsi~ zis the two attractive atpetwnah to in-mitua

rniwiuiioring wlrtv vWp4.ahile %everal type% of %Metro.
Ffiiltw I ¶5 hec",,if of asranrreme-'"flr 11imnls-fitwir '%opiK meastureaewnt can he im~plernented fthrogh fi-

mci, id? rnvnu ersi %4ralivis that can he taken to enhance einittivity



genierafly increase the measurement t..ne and thus can- Thle advantages of Ramn= spectroscopy for in-situ
ntbe i lmenmrted with the cown pentrwrwneter. Van- detection are that it can be applied to aqueous solutions

ous forms of spectroscopy arc consideaco below, and can detect any organic contaminant. Dow Chemica
Company has developed in-situ Raman spectroscor. y

Near intrared spectrtweopy for process control applications I Leugers and McLacti-
Near-infrared (NlR)vspectra are due to weak over- Ian 1989). However, it is limited tricon~tatuents. present

tone and combination v ibirational bands. Although they ai > 1%.
appear weak and featureless, they can be r-corded at
very low nose levcls. This makes it posstble to ukse Laser-induced fluorescence
maItivariate N.tinttical mirthos to enhanice small spec- Liser-indwued fluoresicence , UF) is by far the most
ti-al differences. This type of meia~suremnerar is readily tin-i promising -)f the direct forms of spectroscopy that can
pleniented through optical fiber (Foulk and Gaz-gus be implemented through fiber opt"s. Fluorescence
1987. Weyer et al. 1987. Archibald et al. 1 9tt). How- me~thods are inherently sensitive. capable of measuring
ever. it is limited to major and minor constituents (coal- concentrations; in the part-per-boilion range. A laser
pconerats pres~ni at 'ic*Js > :,ý arAw requires more a provkIes icrmtee highly collimated excitation radiatioti
prior knowledge of the samplec type than would be that illcminates a precise area wnd can be efficien'tly
available :f trying to make such measuremetits directly coupled into an optical fiber.
with the com- penetromeeter. This method is not suitabie Of the four types of contamiiuw plumes considered
for in-situ plume monitoring, in this repor., LIF is applicable only to petroleum fuels.

responding to aromatic hydrocarbons. Heavy metal$.
chlorinated and unchontnatted aliphatic hydrocarbons.

Ramang specirancoy and nitroatromatic hydsocartion~s do noit fluoiresce. Chlo-
Raman spec troscopy is mimt frequently crindwced at nnated aromiatics may florescie weakly but the pres-

wavelength% well out in ihe visible where optcal fibers ence of chlorine ssibstituents reduices the efficiency of
transmit efficiently. Altthough Raman spwcra nave been fluorescece. At this psaunr the pomssbilaty of inmwt-
measured in situ through fibers S.& hwab andMcCreery fluortmetric detection of chiorinated aromatics remnains
1 9f4. Archibald ct al. 1 999.. Le-wis et al. 1993. Leutters to be demonstrated.
aind W.Lachlan 1939). the devecimxrn limits are on the BEkzene. "tolunie and xylemes air tie principal aro-
order of I% and are not low enough to detect tyTical matCK convne"M of petroleum fuels Niaphthalenes
contrnmam~n lev-!Is in pl-nm-s Detection limit% f(or Ptv- andothei hi gher aronatacs may occui in lesser amounts
nots in the togA, range have been obitained using con- but sill at a level readial detected by fluorescence.
venwaunal Ramian speictroscopy tMaricy ei al. 18tA However. because higher aorrinatics ame not aS 40ob1ile on
speutal cell with a I-rn path length coupled to fiber *aetrasothercornponerso(petwteaim fuels, it ii tohe
optKi. ha% been used to increase the tiw,-itu sensitivity of exivcted that they w ii riot migrate &s. rapidly in ground
detecticon for nonWa Ramat; waceri o apporroimatelv I water, Dyes. added to o.* w'irvld also migrate at their
mgA. Schwah anJMcC.-t-rv 1'n7)ý Retontance R~maan owit unique rate. Tl*.ilore, 1WF techniques hased on
kpec~trocopy Iiscapableof Iirifnf'-xanly kedtcw~ deimtiorta of hither aronrtscs oir dyes may not ade-
I mitts ý!khw~ah an-i McCreevy I)It' 1 H-oi-aever. revi- q4avely repvrsent plume dkitribut~art.The author'* opmn-
namae lsaman svutr' opic anal) sms of gmurad-*;tei sai t t[1ehiusfraprgptoempue
contarmnants would be difla lt technically ri-wiexpen- are propiery (4oru--iid on detection of single-ring aro-
'a-.e hieuause it reqsarim 1) taw er octatiora in the ultra- matac eveai thoazeta insirumentally. ths% tis fat flKwt
Violet. 2) a dout-le or triple miwarachvriatr to reuilve a (hiaertging than detiecting higher armarias whi-c
weAh kignid frnim a n'wch sirriger sgigal at nearby fluo"%ese with greater effwu-erwici at longe, wave-
wavelength%. and 3 sultrasensitive l;ghl &ietrk 1XVIequip- IcrZths.
merit. The feasititlry pstUk iftting single -tint arorntoot by

lndracti-m with ametal turfxgreatl)enrwmwr% the L1* coupled Fo fiber otissK h&%s been desnoo4mstraed
Raman rffec. "n aIlm w~i tvm uul' tobehe tktttes at flasudk ei t *[ ttI1 The suaurc w&% a frequency
muc.h lower crinctitrations than pruAsubl with contvets- qu.&vplesl N4-YAI laser emitting at .66 nm. "iadi-
tionnl Rarin %nftctrnscnpy fCaffahhie' a# AI'997) Be firm iiat CT44ed w, 80 (aO4vmmcoftdiameter Plastac.
c.iuse th;'i lethnque. known ssoitl xtenheri-iaced Rt sian c lad itthea fiber. Stepa rathemfbr at An "kg~ of 22' were
4iectro-aaopy, requiresmerat~iwi betwreen tho tinalyre used to coriduct light t itian from the samtple. Fiber
arnd a surface. it i% cnimMAKi'sl below as a 4pecarosoi"PC lengtihi up to 13 m were u-ted At the elicitation wave-

itshn~ue s~ped o a beica irdacal' Te ;nalac- lenth. '(**# tentim attenuefatio of plastik .60d silica Ist
kw- is the surface that enhamt-A itbe $I amuw e~ffec. ataprsasirnely SME dtem, IEpevi'iref"al1y t" trants-



miuance of 25 m of 0.60-mm core diameter fiber was SPECTROSCOPIC TECHNIQUES COUPLED
found to be about 0.04. TO CHEMICAL 'NDICAIORS

Detection limits depend on the parrcula compouid
and the measurement conditons. However. they are Petrleurn fuels and other petroleum-derved prod-
well down in the part-per-billion range using a filter ucts with aromatic compolnents are the only type of
with tr.,ximum transmittance at 320 nu to resove ground-watr contaminants amenable todirect spectro-
a.orescence Typiaty. measurements requ-rod 3 to 5 ,ccpk deecom'. Current rsearch to develop methods

minutes. corresponding to approximately 5000fi laser for in-situ detection of other types of plumes -ts con-
shots to build up a large integrated intensity value. centrateo on systems irvowving an "indicator' phas.e
However, this could easily he shortened. sthough it that somehow interacts with the analyte to enhance its
would necemso-aly involve some degradation in the spectrescopic detectabiltty. Inevitably, time is required
detection limit. Intensities measured by LUF have been for this ineractmn to take place. While the length of
compared to the total aromatic content of gasoline mea- time vanes from systen to system, none of the in-situ
sured by gas chmmatography at a seris ofsites. includ- techniques based on indicators is fast enough to be
ing 12 gasoline s.ions. two manufactunng companies incorporated into me cone penetometer to provide a
and one chemical company (Chudyk et aL 1989l,. The real-ttme continuo prorik ofconcentration v% depth.
correlation between the two methods is poor, with They would have to be used with the other uample
differences exceedig an order of magnitude on many modes of the site chracrtezation and analysis pen-
samples. In partcula. LIF gave hi gher results on samples etrometer ystem.
on which gas chromatography measured low aromati.

concentratx,. While the orngin of the duscrepancies us Nitro ompovs
uncertain, the pattern of the data suggest that them, may
be a backgrocw sialVW due either to natural fluores- Amine-c-onwaning meiwhorans

cence in the sample or inceasoes in sray iigta levels Zhang ev al. have developed a primary amine con-
resulting f•on the highly %caterirng nature of the sample. tainig poly vinyl choride) PVC) membrane that reacts

Although UF hows proiuse for direct in-st dewec- vith 24,6-4nntrsouenem TNT) and other polyniroaro-
tion of hydrncarbon olumes. act•alJ perforance will matici to form a brown prdc (Zhang et al. 1989a.
have tobeestablishe inpractice incomparison other 7Zhang et al. 199t9b). The absortion masmmurn for
methods. branes ei•n po• d so TNT is at 510 nm. Because the

Field LIF meaemients made to dare involve a sornspectraoftheppductdiffcrforvanouspo4-
oin&ie intensity mrr.mreenww. One way of enhancing ynirtr'romatis. the membrane could potentially be
the information conte is to measire itemnitie at used to divtinguish diffe" explosive" in a mixture.
multiple wavelength- Reoeamn to develop the ,nvnan- Forwrmocon ofthe brown product ii irrevribleo. The
rn"eation technrolky to do this it currently underway measured pawowsier i the rtoe of color formation. For
at Norh Dakota State 'nivemity (Gregory Ciillepie. a typical membrar, formulation with a thickne%% of
Principal Investigaor) and Tufts Univervity 'Jonathan 036 mm. the initr rane of color formation is 0.l001
?enny. Principal Inves,'gat-). atvslowr.e unit per pr TNT per minute. when meri-

hnes are eot•e to aqueous TNT iandMan (Zhanget
Refractive WW"e dc~iax. al. 1999h). This vs indep"oentdeo(memrrtane area. The

A varity of methrxi may ,*e usd topt ucally w-nse cuttetability depends on the length 4if time hetween
refra•tive ,nd&s. (Bot* ei al. 19R9). One .•j'oach os te epo~ing the rmemtane to TNT and measuring the
measure the intensty of t:.N reflected &I the end of A merrm arme abisttiance. To get the detsctw'o limit% he-

fbher (Meyer wm f:l ̂ y 19X7). This could he read•ly low I rppm.a aypkal plume level. i1 1s nec-e%-ary to uait
implemented for real •pne in-itou refr•ctive indten at lea 0 minuems faurning the rinimumrm detwcahb

meamurements with he cfit-e pnetrrmiwt However. It hangte on absorhtiW i (O.0101 Tnh,.e too long to allow
might he shet w to ero 4w sto itfonreous light re- them e'olht fnreual-tsmede wi't~wrhthe
1feited hbck into the fie by maternial outide the fiber. corc peiwlrom~et•. althrough it could tw uýed with the

An in-situ rfrtact index would indtcat wheihe or, antaed sao 1mpg mhn it.
not the cmne penernnmew wa n coraas- with water, It Slow diffuim in (toe PVC, memrane us the rea•sn
would shlo he uwful in det•etin pu cowan:- ant or tha tho TNT-wnstive i.ernbrane mrisish %n slowly.
high levels (> 0, to I % a 4ofonna wrwuw It would "u In pornctple.thOwawwreennsy,%#cencould he frorm-
provide any infoirmati-on at to the 01oify (ity I'ihe cion. latedt in a iwmvoicous liquidt that co'uld be held in polace
tlarinsant %ince all nrimfs (r'ovi aryt~ints if %ignitk am*e by a thin TNIT.,r'eable mbnertwane However. ,uc-

have refractive lsrdKes Igrrer rtl, that of water. .esful dfrvehPm•rni 4 wuch a syotem in unceirain.

4



Although the response time might be improved relative are in the I - to 10-ppm range and response times are on
to the PVC membrane. it is aimost certainly would not dhe order of an hour or more. Even if this approach is
be fast eno-ugh to allow continuous profiling with the successful, it will not be compatibl: with continuous
cone penetrometer. profiling with the cone penetrometer. It might, how-

The color chancte occurring in PVC mremb~ranes hw, ever, provide a continuous reN ersible in-situ response to
been measured through a, ingie optical fiber(Zhang and nitro compoundis if the sensor was left in place in ground
SCEit 1989. Zhawig c' z.. 1 984a). Howhever. this measure- water.
melit Is subject to relativel% high levels oftstra% 1 ight due
to reflection at interface-. Ahere thiere is a chanie ifl Volatile halogenatcj organics
refr-ctive index. .-or re.±son% d-scuvýsed ai'ove. the t*AO-
fibcr arraniement .hoiwn i.i Figure 2 would be pre- Fujuiiira rctJwiaD
ferred4. The mewasured parameter s the rate at which the Efforts to detect halogenated onzarnics have centered
ratio of intensity at 924 nm to ttt intensity at 50 nm on the Fujiwara reaction shown in Figure 3. Haloge-
increases. Because the brown product does oatrabsob nated organics react with basic pv~ridine to form a fluo-
824-nm licht. fits *savelengh servesw asareference to rescent red product. For sensing applications. the rea-
C-)mpensate for variationsi in tjpxcal properties when gtrntsare hed at the end of an optical fiber and p1evented
different PVC memrbranes are coupled to the fiber. from direct contact with the sampile by a hydrophobic

B-cause the measuremenit is based on absorption, membrane that is, permeable to volatile halogenated
absoilue intensity levels are considerably higher than organics The reaction is irreverible. When response
thev .jre for fluorescence. A field instrument ýapablc of reaches a -;aturation level, the indicator reagents need to
mak ing this measurement could be constru.ted at mode-t he replaced. Fuji wara- react ion,-based sensors cannot be
co" (ca. S2000-S"M%)O using LEEK as light sources. used for continuous in-situ nmiontong.
However, such an instrument has vet to he constructed. The measured parameter is the rate of produce for-
The entire system would have to be subject toa i gorous mation determined either via the rate of increase in
evaluation in the field before it could be considered fluorescence or absorhance, Initial studies were based
sufficýiently reliable for routine use. on the rate of immrasecif fluorescence Milanovich et al.

The membrane has been shownto respond reliably to 199~6a. Milanovich et Al. 198(ib). More recently this
TN'T in munitions wastewater samples.. There is no type of .ensor has been used to determine chloroform
detectable blank response when mc,..;brane% are ex- c oncentrationstn the headVpacc of contamninatted wells
posýed to uncoviaminaiied ground water. The chemnical i -krron etal. 1990). However, it is diffictzltto engineer
reaction that is bwel Jee to tw responsible for formation this %vqstem to get ieproduc ible res~ponses front sensor to
of thie brown prodw~t is -.pe~iafc foir pofynitroaromwtis.. %esor. Fluorescent product iitimAlly forms. at the inter-
In sho~rt, all available evidence suggetst thai the mem- face whetie the halogenated orizanic first comes in
hwane is subitable for field use but it would he %itiorgly coroxw 0thte reageot. TNv. follo~wed by movernent
.idvisaldie to tes.t its response ron a larget number of of the proiloct with the rea~ent due ptmarily loconvec-

samples.tion. which does not oikcur in a reprodiucible way. The
primary cause of poior reproducibility is variation in the

'Fh,"I r~f enl e ipei hink' potition of the flutorescent product ýOrat~ve to the end of
T-he author ef this reprwl is curriently invesligating ~in the f~ber. This affects bothi the excitationi intensity avid

alternative approikh to the detectionm of nitrated orran-
ics based (in fluorescence quenching. Ptrenehut',rK
atid i% nopo~e into pla'ttci,'e cellulose actiltte
meitwribanes Thesenvmemb;rwne pres cen ent rate nitratcd
organecs. The pretence of nitro icornrounds in !he A
mnemniwarie quenches pyrenebutyric a.?d fluorra (dcC
The miemrnane fvrespond to all nitro c npipunds withitts
%ensitivity dependling on the tendnciy o4 the nit~o
ý(wnpoui indo pa1`KX1ionmtothe nmirau*ww.Thefluoees. H H 1 H

cence quenching alpprouh offert the advantage that it o c c~ c-
rvesptnds to he iiahyditt- 1.).l.5- tin.iro- 1. 1. Str oat its CH C' C
414M.3AIaiMPWlaMfUMrwStOwtltC ePlnsVMVht~no
dket, ted by the PVC membtwran

AtII thi point intio h inuit A-(,A it requiredl to etiesetop

the flnesenice quenchin g Wproah. Dirtst~on limits Ficeure'1t,,iue iitm



t3 develop a LED-based instrument for in-situ absicr-
Excitation CogoCt~on bance measuraremems of voisti l halogcnated organacs.
F ibw Becaase the Y yeivkehsrequiredforabsoi france meas-

&ýremewnhsol -olaiile cIdoranaleJ hdrt~arh)n~sr 40er

simildar to th,! wavelengths for ietermini~ing pol'inero
arollmtJcs umitg an anu~ne-impregnt~ied PVC mem-

hrna single Iinsir/aeif (an he desig~ned it) do th:tn

mneasurements.
Bas- '~ Thie rate of res~ponse to dihloiotiorm vs 0.15 .absior-

I Re.itbance unit per Npli per minute with a lag til-e of lc'..

I ~tha one minute (Ano et l a. 1990). This approaches,
re-T~ of u.ar.. the respo~w times reqjuired for continuous profiling
P~rr~.**&* to with the cone penetrometcr. Since 'he reaction is irre-
Hatogeeiatilo versibl. the measured parzrneter in a continuous profil-
C0gaNiCs mir -,W

to Watering experiment would have to be the slope of the
response curve, i.e.. the change in absowtbanuv per unit

Figure 4, Schematic of indit abor system for detectng~ ctane in tune. However. thee is a dynemiuc range
halogenated ortianhcs. The Tefion meri'wane sent's as problem. W'hes the absorbonci exceeds 1.00, the rmew-
a reflet or to "direct e u aario't iitu chi tk to'w-jrd,;he uremem ii.apprmwhing sauraston wnd the slopechanges.
co )ie(tion fiber. Once this poing is reached, the sff sot' is no longe 'vvbble.

A possible alterntive approch to profiling would
be to We Multiple mldINC3110r4LC ph Me Vat 'v distances

hie efficienicy with w'aach the fluolescenice is colkncw&d frorm the end of the cone p~enctmnieter as "hwnwshe-
Fluorescence mcawiremiem awe alto iubyed to satu- maticAlly in Figure 5. %b en .he penesomneter had

raton due so he -inner C icr effect- As red product reached mxawn deph. all indiicator phases would be
accumulates. it abrorhe a %inificuzi fractim of the ex- expo~sed to vapor. Pie m-%pmnse for each inldicator cou~ld
citation radiatilon w'hich icauses the observed fluore-s- be mneasuredl on a rapid wiquestual hasis wisng a single
cence to he attenaaated. pectiomeier.

Recently, the poi~t.btlry of #seiing volatile tmkW-e Podvmen have been added to imcrease the v iscowiy
rated organics "' measaxnt the increase in the ahiior- of the Fujowars reagentand reduce fte extent of"cAivec-
haince of the red pnxsws has been dernonxuraed ucing live mumin. wliwt affecii, the trwpwmdibiliry, of fluo-
sclaxrate fihmr loc'oroduct PI' i to and fron the Fupiwara rewirc ncewasuvrremeh tHerron et al. 1 99)
re-ap-nt (Angel et al. 1 9901.The opini~al arrangement of
the reagen phasle is Uwwn in Figure 4. In this arrange-
mei~w the Teflon ruwwnfwinw serves as a refleictc toro
redirect the incidewnkt rlci hadi toward the (11w-v
leadinit to the ~Km e syon ttem. The Owmhortacc ap-
Pron~h offers W M'rl amt~iorar" alvaniscir% ýCurivt-o- ~
%envw rep Iiucbality itgreatly mprrirveaI 04-rrason

itthat,in the attavr temrxie. all 0-nwl~ns noleuife I "*
ln the optial pcth aflrct the (Oberved siignal equally.
inixep~endew of how far they ame I rrwt thveM rod f the
fiber Arvither rraawi 4% tho. the meia'.uied poeeumetri is

the ratio (if iustevssty at V) nim. wh.u h ther red prridui Car*~
ahvwln ss cunnly. ontit, insentatv at IlOnmi. vth ha tnil

in the ;:mprimai of the reflectiang suorlai relmiivv to the
endsi m the two falsemi.

The atwiwtbism riftssaxcvo~n sl~o esurewo mu~h
ei's. inpinsaty ThIN*P ri~ll (5(11)or r1flitui pt'sfier*egl-

anfsoetfsm twoiqweyewu. T'hv inv'taigaawit ian NOV airewselew e d'iffnrv to kin th r 40 low~ ,?IW i i



Refractive i'4dex
Tuichlorethylene (TCE) i, 'haaer and air has btvn t

cietected through fiber optics based on a change in re- IDlJIO

fractive ir.J,, i()xrnford eil al. 19~99. The c~viding is

stripped froom the corem of a fiber and repixecd by a
coating that has An .a~finity for TCE. TCE cauzse,.
change in the refractive index of the cosing. ashich .minsof

fiber. This.aoproach hi., been ii~r ful 0wcnz. ; n e. r . " ~,Lld f~
as a mnetiiod for detecting holrocartit- .oniaminant%
t(laineret al. 1983). Bc,.au-ie it is, rever'ible. ;he ccn~kw

could be left in plaice in ground w ateir arid uwed fo con-
tnuouus in-situ rrnonitonrg. Howe'-er, furthev %odk i,;
requ~red to charatenrie itis. a4prtmch..=c,

Ai.ottier poscsible &j7,*wcsih to in-'.itu kieclwion ef
hziogena;ed hydrucasttos 'arid ottrr %pez es i., to no

apply an RF discharge or an elcktrical %park toea sample *4iit 1
al the tip of ant optical fiber. Prel rminary esipeorrnsem*
have demonstrated m-pm.pne to chlorine-icontaintrov
comrpounous iGriffin et al. P4tS9 . However, funrth-rwc~rk h, Somr, e a ad ~krri, tw at the~ wnir cod thl eh ýf 0 hewr.
is required before the feasiilit'i of this apwrr~ach c.*n tne
evalualed. Fi',ure k .¶4 he'fltll 'f ~,rncn~foffr refrawin'jr-

Hydr'ocarbons

Re ft atic ,ed'
lHydniar~w~mn in water wid air have tvrem Meected pitticulaf compoundmuln the mienitutle of the %ctunge

tiawd on clhanjze in refra iiio orwide (K.,%hara et it,. ir rirfrkwaiwise -.ne when the '.i-npcuid tritofw
19yt 'The core of an roKA1 61ti i% coted *0 a lascr or "oot the phwse In :ewirailt ite k.s' A)'uhie ia o~wn-

that ioteracts ih'doa s uniderpcorin a change pxwnd. the nww ~rtýwongly t %%" r~mm4 t.iito nto ancor!Anmc
in ref ractive odesi Thi'. in twin .gfwfct. he inen'.ts M c<ating mid the mfne wmtisni it can he- %lewteste A
light [ip-,,~.tied thrmigh an ~ir-itrii fiber Maioimrkm panrlkvIMcoatifl %iM be %elect -vt fox t .ai f coql-

'isitvityossali~tigesrefriisen~e~sa~uesed f~iudk. e it. jiliph"ttP lv-dnwrtsiN-W. rather thAn re-
I,-* cfkr~ionng *,he *oiuew' initia the ritf-rakirbe inde' to iMiil~ c a coliiar TpmXId. UP to .4l*Im

thr Cciaring is on). klitwily ý(Vwwer than lthe refrasi~ si emw. it,*ttý ~in ho enhae tm1l irhy cw i.tint, a ptrater

imicet of the core. lntevvittw prv"Agfed thor'gh t~h krigtt of tOher rk-wesey. A won ill he iiitirmatel

fibtwo (an he mewature JI.,st i Nt plat o- ' a muirve aftl reahed whvr err sit wI" &M N. hmiteJ hN thertmal
o' ket4,,tow ao cTpose emods( O f the Cb A* 6N,%wn in r1c'ual~wMA it rrfrativ wAntet

I'igii! 64. Ithe tomed %ection Cf (Ohe can he votkid to Awsn"o friwtsoh t rht-.heen Nve~baed tn

mA J elatocI'rv scrrml Wn eltrk'rocn4. Hoanlight ihe brtxn pwrxrt' p Ke Kawairactld I)Il Tsorcof

Iveri'tiatei invi the ruaturir ft mwis a 4taimoe on thr at fjCf kld tutu A* ti rA i ted bl t (iii !jtt.e itilaner to
twrute,fu a tusuP6? It 0sde-h . fii . 40s MorAC the pitsfcic a 11p~~ 0t ~I sxsf htuliuc.1r.

, ,,aunr thmI e rvurh w-s ýNm~ tow. custv h'es two &(.re tlý Nwus rThe senxor it mwwc ýv,cuiuvll susr tkoi.m.t, h~dri,

iflrtet* t 'auh O1w u,or"s' and it mv afft i_. 1~,, j~ujuit*,ij jArt uus be ?wk^4*.C ttwi le hih~u i iue Iit~ti,"i.

An a c'n~w w A ,j 1w. e~s~ thIa SlphutK h'u'tuk atwiliu ý he 4.tc- 1(i hinit 4ie-

mitu honi ~se~iTe uai'ispardut ts~x~rterfsu.sfciPiidrtt

%ttiti lenrth of filwroto wwti ' the. #rrl, .wlm f1w..vrawuuw sf'ito herItriurs T ktctw mi ir

tot otahiwrtdirt~ilyv ithe erwifK~trweit ria 1* ItttTf* cimlin fr$ MO, f n lolrwevrt. fun rvany other o.wi-

e~a4suIred Wavsvw .% tho otiwnkotS # flipie'senue pittwtfq like tAh'onr it waii %ifni~kalsay hiuuh:r Mhe

Thead awho ge of ttis Aananflowroit~ t* hag thit wftio; otw*'uetuwtot wa.. rowak* with ith. tiAnitmomowmn osYuanfe
Olcmnei % at thoe tuw 4f 1 rfih anil tan he iowNset "wotw %hoioin on Utgum No ising A hselium #-inn lasci a

41w4iiu , t into thu .ip#ie ktriOwe- 5 Co

11w wivtiv ov4sutis Atu jvvi to to a Vvonlrtt 41t~''P Wm owni uttirslv 'f't u~iti,1 iOw o%'iis,

poruwom knsotteatnuyo 1 reigbt ragnr hou in Uiurue (-* t(ait'v ei l A ~dION,



Re.4xicai is e-re ibcmzl bui quite slow. The response for tro-copc selectviry. cleioctn.. Twzal ww~ctiviry can be
24-hou&r equilibration is coin~skkrably greater thtan for 3-achieved by tLskrngailvanW-aU vwmxsnats in fthpoters-
hoir equilibrauaon. indicating that the sensor isffair train ts~l depenixence of adsorxion fordilfterent compounds.
equiliibrium after 3 hours. The sensor itSponds to levcls Sersitaivtry clan be enatmiced by ailowang time for an*a-
as low a-, I ;AiL sza%odane/L. asr. It v% not clear tow inis N ite to Accumulate Al the ekct-rovte Because Clectirts-

trart'.Xtte'.4 to res~pontse to hy~drocartoons in *ate-v. hmtca~cyc t angcanh, AMoretew the surfar-c.acan
In zc erl. '.ensor in io hca ~if ti arget contaminants he used for several vequersiAl mneasurernents in situ.

n"t':rzt. with a comiang to produce a ret'aative :nxkx Dce'ign aspects of a SERS~evi:i.;tmhemastr %ysletf

ýrjfeae too '~~to,, -.ise.d foa~r xnirnnous pro?;. ng for mn~situ mea.surerentris have heen adkdressed. And
,Atra ttc Lcne penetrorimeier However. be-Aut a'e re- -everal proof-ot-pnrxipde expnenirtes h~asw derron-
six,"-~ involve% pairtofling rather than a chemriical sirrat'd its xraucive feasttas (C~Arratbae et al. 1987).
rea~tion, it is inherensiy ecveesabe. Such a %mýAcoould Severiheless. tttechallengsot'rendng thtsapproach
potentijily be plAcetlian the- proper location with the practical in afield context amfoirnhdatie. Wihiie excat-
ý:on- pri-etrornetei mnd used for conlinuiir moriitorr'nf. ing protriets has heen male in irmipmving detection
N1oiiever. she %en,,asoity kivels may rv alrwginasl for kinit's. it 'tall rrematni to he snown thai So IS/elesztr-
such in j>JtWpllcaio. F~l-uttr re--eArh and d.-vekioprnevot cbeomnz'ry can devac conarimnarts in grotand iotea as
would 0*av to1 oeo h raaaanadeva a - te0- to lMflq-lb level comn-din for many wampes.
of sixh '.ensorss to esiAkblis that they could he v-ed fcr The trant-wton rI'mir Waoratory mezatuements 4f pre-
LOMMtUOUs in-SitU ground-*wae -omxtoring, A ltNouith paritd iamtples to field rtuw et ~utnalesi
the 1i1er piwc iza-oiine sensor( i% or *!ll he aivaiW*~h pt'iiisw water will AlTMos Certaintly -rinpounvj the tiorr-

iromniciaallv. i" pnmarsx'N to wql he to %4111V Kilsiy Pin~orn. Sarropts tMat fluc*V-Wve will he sUbject
for relatively highi LorW nir;aton% i4 easoine nrair a to highhackpnunds.ignals.C0hewrp4)esmay contairn

..oo;jr.jinaliton vource rai~her than she kower evtl% ithal c'fwrpwwrts thait aisort on the ekritrrsje aid inwirere
,Aouid he trourwi :n -t -rounsd-waley plume. wuith the ir-lirrwtryteinwvry.

1, will alsto he ditkiodt 'de'eliop field nanw-
Em 'or 'IiP,(O alsnim ei'a~r fliiv~eý erk ticet that perfrlnwY'Tt wsiell as labinratory imatrwlinmiato.

A ',hir 4-jtc sensor tor civ+4.- %arw^ ha% horifn R~arrninsjierrsovti es~imi NO a w'eak stitnal he
hi rxt-iporatinr 3n Ci rwrei.e~re ma.r'esiQ in :he pfi'nte ro4 a mucwh lforger signal at a

I D 3ri %110 mnAslls' rtxri "er 44 he ?pofat s4nirk- ov arvr ' . iaavei~ri~th, In the liafrs-aory expenments to
I~j K a fhr I 'A'i It et j 4X9 )i f,vwtlne * apoiri pr~nithwt derwiri~ratf o lr Skiohnar a triple mono-

intr) e TX-Wmer. m xililf'IR the m.~tc nro".rotim 14 of cttrraisatior wit, wed k) revw~v the %sstral fnxn tht
!,h tXjtutin.rti ioivran nr~rwase in flut~ewenee reatiiv Ra-. loigta %caa-v Phs tno rthtw expeniuive No

oWennif. AMn A khith in ihe emf%.kwi Matt irrwnu to sNhr'e-r kelx jete and nor' readily .leeloavet in the field.
a. f 1r ienzth The re~,pnse tf thi% %eneawi hat, , o it) he Tvw tre scale nf SURA~vifstirsshormisory depends

hat* i~rnire ifikpt-h. It 1-6 -ituNful ithM i wel re-'prw-i. 41ithek-sm fr-tiedseaivsity htW is on the order ofminuftes%
r;deMtty truvoight it? he escfiut ror WWItnuoOUtst rg"titne ivrvvue tr suetmtskalttaimlt

'h ih., ((n-e rw roh't While re-~~i% otter- (ini ite re-trtude ujtfase as writ a'% tin-e lo acquire the
re tverihti' if W4,4014 ýe'r to he r,aiidNIt the 'i-.N tral ,tata %iib ailequis sitnal *o no,1e'

"'We Mr-'irih, it 1. uI- etritty 'ti;s ' ýin- l ft~eri use AWh~ie (,rrn-,tt. further antim must he ý-ont~lletesi be-
*It% u- " rivit intirr-ro nq ftotterr v wwk i% requir n1 o tr 'I* It'. Rr'ejetrmhr toomg can he comiderml A tn-

tirmiri)rw %wl-thwr it 1.14 v NeApploo-d in a ,ra. us al rsr.( afttfate ftin- pr-asi-Ti.- in-itau .oitamirnit n-eas-

f wit'? It unten-wt in %niund %*Wt Ivent if thi% rft hnoque vs
*Ak rtduiolt- rrii'it twl i h eiptt with

iourfaiiit, F Pha Pt 4. R sonan %prwfw ti pst i% F R %,t Iw rrrnnsrIe uei ro 4eneauy

a.st.jrivvm (wit tii'w o~rfiw r. igr~isi ierilsaro ei the rn-wnoi inr Ow re-quite-i sme kilie

Rdrrisx~rffeN1 The wm.tit Euogt'..fVt 'itr-n

iiiij Arat ( ftmjrvlWset w tt womanpnn4t it6 Wul'r tmOMOOMPMial
iriestV~t'w tArlooh'a #I iol1107C. (art04ih Itins. lnwtwn henaisal iteita-sis amt heansi on the highly

(itko%(f an tesft11Tt~mtr- O (ell 4r%4. n#0 .)i itia gem An in-tf siumrummnewhem-al method (or

fortalvite oisrwtlito otM S #ittrf rie- trf-kf 1im,.tit'Wid io i t1ha Iit11 he a ttv'ifVw heot hoee-t Jesehepe "y .nnwrhuir*0un
k forif -ii,"f1%(nthew ittieffs e am-,HY rV1.. V ie ift 1tieit- Thili wilbntith ins ivnifeda ~i.risn itv the Ptiol i f *a 4v#4i of

A'- rs-.W 41 ,.fpftr tistietI e401r4, eei fC714,1res It iart he r'he ( v- Diron oil is)1107 Trtnitte'gma 114Rii1' The

Ajp 4~iizn nol iianot, i.Wamtafiwsl mfobliWtI 5ts ~ tas~re-l Pooffsmtelv is the rati r (i itet. rCti in



benzo(a)pyrene fluorescence as it binds, to an antibody. late in the indicator phase. However, as with other
The defection limit was subanomolar for a 15-minute indicator systems, there will be a tradeoff between
ifleutliot time. sensitivity and time. Wh~ile the exact tim-e required

Nonfluoesicent analytes can be de~ected via the rate would depend on the specifics of a system. the author
at which they displace fluorophor-labeled anti gens from estimates that it would be on the order of 10 to 30
antibodiesimmobilized at the tip ofan optical fber(An- minutes. Ahliost ccr-.,'ly it would be too ion- to be
derson ansd Mil'er 1 988). T'he measured parameter iai implemented for real-time sensing with the cone pen-
this cawe is the rate at which fluorescence intensity etromfeter.
decreases due to displacement. Thc: time scale of these The simplest approach for developing a metal ion
measuremenis is on the order of mir~utes. too long to be sensor is to immobilize the indicator on a solid phase i~t
implemented on the downstrokec of tht cone penetroime- one end of an optical fiber. A more powerful approach
ter but the measurements may be taken on the upstrok.: is to design the system to provide a constant supply of
orreadon asseparate attached monitor. They am specific indicator to zhe tip of the fiber. Since the indicator is
to particular compounds rather than responding to a constantly renewed. photodegradition is much less of a
class of compounds. The approach is generic for all problem. Also sensors can be designed to respond
compounds against which antibodies can be prepared. continuously or. as steady state basis. A pressurized
T'his includes suibstituted amomatics like TNT --id mu!- membrane indicator system has been used to supply
tiring compounds like benzo(a)pyrene. Current researc~h indicator to a fluorigenic fiber-optic meal ion sensor
is directed at develobping immunochemnical methodis for system (Inmanect al. 1989). Another attractiv: approach
tetryl. benizene. dieldrin and paria-chloroptienylm.-th- is to us. a contrtilled release polymer to provide a
ylsulfone in environmental samples. The instrumenta- constant supply of indicator to a sensor. Although this
tion used for in-situ measurements has used ani argon has not been used with metal ion sensors. it has bieen
ion lase as the source with a monsochirmator to resolve successfully implemented with pH indicator-' i..uo and
fluorescence from scattered excitation radiation. walk 1989).

Because metal oxyanions do not form complexes, an
Detet'. a( snea Wait and cyanide indicator system for dichromatc would have to be biased

There have beeni several reports of optical in-situ on adifferent principle. To date themehave not been any
measurement of metal iolu (Saari and Seitz 1983. efforts to develop a system for in-situ optical detection
Zhujun and Stit~z .1985. L~iebierman ct A. 1987. Inman et of dichromate.
al. 1999. Suzuki et al. 1989). The indicator is a ligan4 One of the earliet reports of fiber optic chemical
with fluorescerce charaictensisics that change upon metal wensors descraibed an indicator for cyanide (Hardy et al.
ion binding. Most systems have involved nonfluores- 1985) However, emphasis was on demonstrating a
censt ligands that foirm fluorescent complexes. These principle mnd vety little detail was provided. There has
siystems are limited to tretall cauions that form fluoires,- not been any further work on cyanide.
censt complexes. Of the important metal mo conuamni- The Office of Naval Research has recently made the
nairts. Cdd I) .an be detected by this approach. Since development of trace metal biosensors a high priority
detection limit% are on the order of 10 ppb. the method rese-arch area. Research funded by this initiative may
has sensitvities appromaching that required brw ground- lead to improved methods for in-situ metal analysis that
water Wyaayi. However. PbX ll). Hg~lh amd Cri Ill) do0 can be applied to contaminant plumes.
noit form fluorescent complexes.

Selectivity depends on the relative affinity of the
ligaird foir various metal ions. Re",ise i,. inherently pH NONSPECThOSCOPIC TECHNIQUE-S
dependenst for most systems reported to date. ZZ-vause
the metal won has. to displace one or mcre proton- ooform, liydrocarbon% in fuel plumes and halogenated or-
acomplex v. sith the indicato ligarid. ganic sýolvents canno~tbe dtermnined clectroc hemically.

Nisibe of the metzl ion sensing systems reporte it, Aromatic nitro compounds have been detected voltam-
date meets the requirement for detecting ground-water metrically at concentrations approahing those occur-
contarnitansts, However, in principle. it should be pos- ring in contaminated ground water (Whitnack 1963).
sible to ficila syuem lordetecing heavy metal cations, Pb~ll' and Cd(ll) are readily determined by electro-
It iwould hive to be hissed on absioeriace rathet than chemical methods. T'he sensitivity of direct electro-
fluorescence in order to geo resonse to the metal ions chemical methodis. e.g.. pulse voltamnmetry. approaches
that do not form fiuorescent complexes, Semaiivity cant the level required for contamina~ed ground water.
he enhanced by using a Iland with a high affinity for Sensitivity can be further enhanced by using the teh-
metal ions, and allyowng time for metal ions to accumu-. nique of anodic stripping voltamnmetry. A metal ion is
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reduced at an electrode under control led conditions for chlorinated hydrocarbons. Re:;ponse times are too slow
a known period of time. The voltage is then scanned an- for the cone penetromnieter because it is necessary to
odicAly and the current required to reoxidize the metal preconcentrate analyte to get detection limits down to
ion is measured, the mg/L level. With further developmnent. refractive-

Voltammetric method-% have fallen into disrepute in index-ba~sed detection may provide a method for con-
recent years. They are subject to interferences and tinuously detecting ele vated le-vels of organic crntami-

uraecontamination. Other analytical appomaches are mntns in ground water.
considerably moire *rugged" and do nm require as high Metal cations may he detected spectroscopically by
a degree of operator expertise as electrochemistry. For reacting them with indicato- to form colored corn-
this reason, there has not been vsnificant activity in ap- plexes. However, this type of detection requires consid-
plying voltamnmetnic mnethods for in-situ detection of crable further work before it can be adapted to in-situ
metal ions in spitie of the fact that these shculd be detection of metal cations in ground water. In-situ
applicable in favoraoile contexts. detection of anions such as cyanide and dichromate is a

difficult problem tha is not currently being addres~sed.
Ion selective electrodes can detect PbOI). Cd(Il).

SUMMARY CudI) and cyanide at levels appr'achirig0. M mgiL but
are subject to drift and do not re.-pond to metal ion or

This report describes in-situ ar~alysi% of ground- ligandis ircocriplex ions. Amperronvtric methods can be
water contamnirants by methods that can potentially No, used to detect heavy metal cations such as Pb(ll) and
implemented with the coric penetrometer. a device for Cd~lh. However. preconcentration te-chniques are re-
rapid deployment from the surface down to ground 4uired to detect evels below about 0.5 mg/L. Electro-
water. Sensors can be mounted directly in the pen- chemical methodsare subjecttoerrordue tocontamina-
etrorneter for real-time analy ~is during ground penetra- tion of the electrode surface and require a high degree of
lion. Alternatively, the site characterization and anaiy- operator %kill. Surface acoustic wave detectors could
%is peretrometersystemiSCAPS~al low ii2tached/disW- potentially be used to detect volatile contaminants in
tached (drop-off) mode% of samplinglmonitoriig. The situ although to daweno work has been dcne in this area.
report empha~sises detection limits %tince tt'eykdfine the
detectable outer limits of a contaminant plume. Several
types of spect'(,%copic measurrments including fluot-
res.cernce. R-iman and near-infrared absorption are read-
ily rnplemnircd in situ throuizh fiber optics. However. LITERATURE CITED
of tnese. only laser-induced fluorescence (LIF) has the
senitivity required to detect typical contaminaint level,
in ground-water plames with response times%short A. tel. S.M. (1'117) Optrodes: Chemically selective
enoug~h for real- time detection woit- the cone penetroroe- I il.r, optic %ensonx. Spet trastapi'. 2: 3"841.
ter. Although LWF has been applied for tnv-situ detection Angel, S.NI..LF.Kats, D.D. Archibald, LT. Liniand
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